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ABSTRACT: In this study, we use first-principles molecular
dynamics simulations to explore the behavior of anhydrous
aluminosilicate melt with a stoichiometry of NaAlSi,O¢ up to
pressures of ~30 GPa and temperatures between 2500 and
4000 K. We also examine the effect of water (~4 wt % H,0)
on the equation of state and transport properties of the
aluminosilicate melt and relate them to atomistic scale
changes in the melt structure. Our results show that water
reduces the density and bulk modulus of the anhydrous melt.
However, the pressure derivative of the bulk modulus of the
hydrous melt is larger than that of the anhydrous melt. The
pressure dependence of the transport property exhibits an
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anomalous behavior. At a pressure of ~12 GPa, anhydrous aluminosilicate melts exhibit maxima in diffusion and minima in
viscosity. Dissolved water in melts also affects both diffusion and viscosity. In hydrous aluminosilicate melts, the maxima in
diffusion and the minima in viscosity occur at ~14 GPa. The anomalous behavior of transport properties is related to the
pressure-induced changes in the melt structure. At shallower depths, i.e., up to 100 km, relevant for subduction zone settings,
the lower density compounded by the lower viscosity of hydrous aluminosilicate melts is likely to provide buoyancy for upward
migration. At greater depths of ~180—200 km, greater compressibility of the hydrous aluminosilicate melts together with the
minimum viscosity could hinder magma migration and may explain the presence of a partial melt layer at the lithosphere—

asthenosphere boundary.

KEYWORDS: hydrous aluminosilicate melt, high pressures, first-principles molecular dynamics, diffusion, viscosity, melt mobility

B INTRODUCTION

Melting is an important geological process, causing geochemical
differentiation. In the present-day Earth, melts occur in various
tectonic settings, including divergent settings, such as mid-ocean
ridges (silica-poor mafic melts), convergent settings, such as
subduction zones (with excess alumina, silica, and volatiles), and
intraplate or ocean island/plume-related magmatism. Melts are
also anticipated in the deeper parts of the Earth based on the
reduction of shear wave velocity and elevated electrical
conductivity. It is expected that a layer of partial melt could
exist at the boundary between the lithosphere and astheno-
sphere,'~* separating the mechanically brittle lithosphere from
the weaker asthenosphere. Are these melts neutrally buoyant at
these depths or are they less dense than the surrounding? The
mobility of the magma at these depths is controlled by the
contrast in the density of the melt and the surrounding rock and
also by the viscosity of the melt. Both of these physical
parameters are largely influenced by the pressure, temperature,
and composition, i.e., silica and/or volatile contents of the melt.

On the basis of geophysical observations, such as low shear
wave velocity and elevated electrical conductivity,” partial melt
layers are also expected at the top and bottom of the transition
zone.”” This is primarily owing to the large differences in the
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water storage capacity of the upper mantle, transition zone, and
lower mantle minerals. Owing to a significantly lower water
storage capacity of the major upper mantle minerals compared
to the transition zone minerals, upwelling of the mantle might
lead to a hydrated partially molten layer at the top of the
transition zone.®™'° However, such hydrated partial melt layers
are unlikely to be global and are often observed in localized
regions. As the downgoing slabs enter the lower mantle, the
contrast in water storage capacity between the transition zone
minerals and the very low water retention capacity in major
lower mantle minerals could lead to hydrous partial melting at
660 km depths.” On the basis of the relationship between the
mantle geotherm and the liquidus temperature of the mantle
rocks, melts are also likely to be present in the core mantle
boundary."!

In the earlier history of the Earth, i.e., magma-ocean stage,
widespread silicate melting across the entire depth range of the
mantle might have been more prevalent. To understand where
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and how the crystallization of the magma occurred, it is
important to understand the inter-relationship between the
geothermal gradient of the Earth in the magma-ocean stage and
the liquidus temperature. The geothermal gradient in the
magma-ocean stage is influenced by thermodynamic parame-
ters, such as the Griineisen parameter (), which, in turn,
depends upon the pressure-dependent structural transitions in
the melt.'” Thus, it is evident that a better understanding of the
atomistic scale structure of the melt in terms of the
aluminosilicate network, i.e., the degree of polymerization and
how it is influenced by pressure, temperature, and chemistry
(silica, alumina, and water contents), will help us to have a better
understanding of the deep-Earth melting processes. The degree
of polymerization of silicate melts influences thermodynamic
and physical properties, including compression behavior and
viscosity. The ratio of non-bridging oxygen atoms (NBO) to the
network-forming cations, i.e, NBO/T (where T = Al and Si), of
the silicate melts shows the degree of polymerization in melts.
The polymerized melts have a NBO/T ratio of <1, whereas the
depolymerized melts have a NBO/T ratio of >2. Aluminosili-
cate melts are highly polymerized, with very low concentrations
of non-bridging oxygen atoms. For highly polymerized
aluminosilicate melts, the pressure dependence of viscosity
exhibits anomalous behavior; i.e., it initially decreases with
pressure, and upon further compression, viscosity increases.
Similarly, the self-diffusivity of network-forming cations (silicon
and aluminum) and oxygen atoms increases upon compression,
and then with a further increase in the pressure, the self-
diffusivity reduces.">~° The anomalous transport properties,
i.e,, the minimum in viscosity with a corresponding maximum in
self-diffusion, indicate that the polymerized silicate melt could
become more mobile with increasing depth.

For the depolymerized melts, upon compression, the viscosity
of the depolymerized melts first increases with pressure and then
decreases.”"*> However, recent studies on silica-poor depoly-
merized melts show that the viscosity first decreases with the
pressure.”® In this recent study, the pressure dependence of
viscosity was not at a constant temperature and, hence, may have
affected the results. In yet another recent study on peridotite
melt,* it was found that, for a constant pressure, the viscosity of
the melt first increases and then decreases, similar to earlier
results.”” To illustrate the effect of the temperature, the viscosity
of depolymerized melts was estimated along the melting curve
and the viscosity decreased upon compression,”* in agreement
with previous studies.”” Clearly, the transport property is
sensitive to the degree of polymerization, chemistry, temper-
ature, and pressure.

Dissolved water (H,O) in aluminosilicate melts is likely to
influence the atomistic scale structure and, in turn, influence the
self-diffusion of the network-forming ions and viscosity. On the
basis of low-pressure experimental studies, it is well-known that
water depolymerizes the melt and, thus, enhances the viscosity
and mobility of the melt.”>~>” However, the effects of water on
the aluminosilicate melt at high pressure and the combined
effect of water and pressure on the transport property remain
poorly understood.

In this study, we use first-principles molecular dynamics
(FPMD) simulations to explore the equation of state, self-
diffusivity, and viscosity of anhydrous and hydrous aluminosi-
licate melts. We also relate the pressure- and temperature-
dependent changes in the melt properties to the atomistic scale
changes in the melt structure. In particular, we explore
anhydrous aluminosilicate melts with NaAlSi, Oy stoichiometry,

391

which resembles the stoichiometry of the crystalline mineral
phase of jadeite, a high-pressure polymorph of sodic pyroxene.
Molecular dynamics simulations have been quite successful in
exploring the compressibility and transport properties of silicate
melts with diverse chemistry, includin§ but not limited to silica
(Si0,),”® liquids along M 0-8i0,,*” natural silicate melts,*
anorthite (CaAlSi,O4),>" and anhydrous jadeite (NaAl-
$i,04).>> However, most of these previous FPMD studies
explored an extended pressure range up to the core—mantle
boundary pressures, ie., ~0—140 GPa. However, the low-
pressure regimes, where these aluminosilicate melts are more
likely to be relevant and often exhibit anomalous transport
properties, were poorly sampled, except for a few studies.”””° In
this study, we have explored pressures up to 30 GPa, i.e., the
upper part of the lower mantle, to capture the high-pressure
trends in the transport properties. However, we have also made
denser samplings for pressures relevant to the crust and upper
mantle conditions, i.e., up to 10 GPa.

B METHODS

We used FPMD simulations as implemented in the Vienna ab
initio simulation package (VASP)**™*° to explore the atomistic
scale structure, compressibility, thermodynamics, and transport
properties of aluminosilicate melts with NaAlSi,O4 and
NaAlSi,O4 with ~4 wt % H,0O compositions. The FPMD
simulations used in our study are based on local density
approximation (LDA). We also used the projector augmented
wave (PAW) method, as implemented in VASP.* We used a
plane wave cutoff of 400 eV with a time step of 0.5 fs (1075 s).
All calculations are based on a NVT ensemble with a constant
temperature maintained using a Nosé thermostat.”’

A cubic cell consisting of eight NaAlSi,O, formula units (80
atoms) was melted at 8000 K and, consequently, quenched
down to the desired lower temperatures. The hydrous melt in
our study consisted of four formula units of H,O in addition to
eight formula units of NaAlSi,O¢, which amounts to ~4 wt %
H,0. We examined the radial distribution function (RDF) and
mean square displacement (MSD) to determine whether the
atomistic scale structure is in the liquid state (see Supplementary
Text S-1, Supplementary Figures S-1—S-4, and Supplementary
Datasets of the Supporting Information). We computed the time
averages of energy and pressure from the 20—100 ps (107" s)
long simulations using the blocking method.”® We also
estimated the pressures using a higher cutoff energy of 700
eV. We corrected the average pressures obtained from the
FPMD simulations using a cutoff energy of 400 eV by the
additional Pulay stress term; i.e., P = P4og ov + (P00 ev — Pago ev)-
The term (P;g9 ey — Pago ev) is the volume-dependent Pulay
correction and ranges between ~3 and ~7 GPa for the entire
pressure range explored in this study. In addition to the Pulay
correction, an empirical correction of 1.5 GPa is added to the
pressure. The empirical correction is based on the experimental
volume of jadeite melt at ambient conditions.’”~*' We adopted
a similar methodology as described in detail in previous similar
FPMD studies.'>**~**

We traced the motion of individual ions at each simulation
step and used the Einstein formulation (eq 1) to estimate the
self-diffusion coefficient of corresponding ions.

N

2 Ut + o] = ol

i=1

(1)

DOI: 10.1021/acsearthspacechem.8b00157
ACS Earth Space Chem. 2019, 3, 390—402


http://pubs.acs.org/doi/suppl/10.1021/acsearthspacechem.8b00157/suppl_file/sp8b00157_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsearthspacechem.8b00157/suppl_file/sp8b00157_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsearthspacechem.8b00157/suppl_file/sp8b00157_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsearthspacechem.8b00157/suppl_file/sp8b00157_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsearthspacechem.8b00157/suppl_file/sp8b00157_si_002.xlsx
http://pubs.acs.org/doi/suppl/10.1021/acsearthspacechem.8b00157/suppl_file/sp8b00157_si_002.xlsx
http://dx.doi.org/10.1021/acsearthspacechem.8b00157

ACS Earth and Space Chemistry

40F T T T T T T FT T T T T T LI PRI T T T T T T
a Anhydrous melt This study, hy Hydrous melt —‘l T T T T T™1.0 135
< 4000 K 1
& 3000 K N L los
4 & 2500K L = 430
Expt. Y e o T L Joss
35+ - v LC87,197,B15 R co.
oo o o LC87,197,0L97 n 104 @
oo B ‘82 2
— % - —-
"-’E 00 0 & Q‘bAb F Ho:2 [0}
S g W - N— w20 &
2 30r 000 ar 7 “‘ 5 10 15 20 25 30 c
%’ 5 2% \M Pressure (GPa) (BD
c (eon) ) T T T T L > —
g a7 sy e R T P\ ©3
O,AA o 3000 K &6 g,’ 35F < : N Bw
- o 2500K 4L 2 w02 | ::
2.5 ad Expt, ¢ z 30f - K°\ um'/o"--::::: _______ 10 o
/ o LC87,L97 &0 § 2,50 o0 Anbycrous | o) @ -\.\ O =
Ay A S17 2ok [« Hydrous | y MORS
A S17(2273K) : . . L B Is
MD 0 10 20 30 Temperature (K)
20 A SU11(2103-2153 K) P (GPa) b 1000 2000 3000 4000 5000 C
1 1 1 1 1 1 1 @O 1 1 1 1 1 1 =1 1 | 1 1 I | 0
0 5 10 15 20 25 30 0 5 10 15 20 25 30 0 10 20 30

Pressure (GPa) Pressure (GPa) Pressure (GPa)

Figure 1. Pressure (P)—density (p) relation for (a) anhydrous and (b) hydrous aluminosilicate melts along isotherms: (light red filled symbols) 4000
K, (light green filled symbols) 3000 K, and (light blue filled symbols) 2500 K. The P—p data for the 2500 K isotherm (T,¢) could be well-described by a
third-order BM equation of state formalism. The P—p data for all of the isotherms could then be described by a Mie Griineisen thermal equation of
state, P(p, T) = P(p, T\or) + dP/dT(T — T,), where dP/dT (X107%, GPa/K) = 0.79 + 3505.40e"** for anhydrous melts and dP/dT (x107%, GPa/K)
=0.61 +449.50e "% for hydrous melts (u = V/V,;, where V= 1207.95 A?). The thermal expansivity (@) of the hydrous melts is greater than that of
the anhydrous melts at ambient pressures; i.e., ad > @34 However, under compression, & decreases for both the hydrous and anhydrous melts
(Supplementary Figure S-3 of the Supporting Information). Note that experimental results (LC87 and L97) on anhydrous aluminosilicate melt density
are denoted by light purple filled squares. These experimental results are determined using the molar volume of oxides at 2500 K:***° $17, light purple
filled upward pointing triangles represent the density of the anhydrous aluminosilicate melt from the X-ray absorption experiment extrapolated to 2500
K;*' $17 (2273 K), black filled upward pointing triangles show the density of the jadeite melt at 2273 K;*' SU11, black open upward pointing triangles
are density from classical molecular dynamics simulations at 2103—2153 K;'® B15, light purple downward pointing triangles represent the density of
the hydrous melt calculated from the partial molar volume of H,O at 2500 K;** and OL97, light purple pentagons show the density of the hydrous melt
calculated from the partial molar volume of H,O at 2500 K.** The inset in panel b refers to the comparison between hydrous and anhydrous melt
densities along the 2500 K isotherm. (c) Partial molar volume of water in the hydrous aluminosilicate melts with ~4 wt % H,O (dashed lines). Solid
lines represent the volume of pure water.> Filled solid circles represent the experimentally determined partial molar volume of water in a silicate melt of
diverse compositions: Ab, albite;*** Ko, komatiite;**> Um, ultramafic;>* Per, peridotite;55 Py, pyrolite;56 MORB, mid-ocean ridge basalt;” And,
andesite;>® and Gr, granite.”” The filled solid circles are color-coded according to the temperature. The temperature scale is shown in the bottom of the
panel. The size of the filled solid symbols is proportional to the concentration of water in the melt. The smaller size represents ~2 wt % H,O, whereas
the largest symbols represent ~10 wt % H,O in the melt. The maximum uncertainties associated with the presented results are shown on the left top
corner of the figure. The inset in panel c shows the effect of the pressure on the compressibility (fy,0) of the H,O component in hydrous

aluminosilicate melts at 2500 K.

Table 1. Zero-Pressure Density (p,), Isothermal Bulk Modulus (K,), and First Derivative of the Bulk Modulus (K;) of Anhydrous
and Hydrous NaAlSi,O4 Melts”

composition (wt % H,0) po (g/cm?) K, (GPa) K temperature (K) reference
jadeite 2.17 + 0.08 9.70 + 3.88 542 + 1.3 2500 this study”
jadeite 225 +0.08° 2500 39 and 40
jadeite 2.20¢ 2500 41
jadeite 2.36° 21.50 £ 0.8 8.90 + 1.2 1473
jadeite (~4) 1.88 + 0.07 439 + 1.94 6.86 + 1.76 2500 this study”
jadeite (~4) 1.95 + 0.02° 2500 49
jadeite (~4) 1.89 + 0.01° 2500 50

“Numbers in parentheses in the first column indicate the amount of H,O (in weight percent) for hydrous melts. Third-order Birch and
Murnaghan fit parameter is obtained at a constant temperature. “Densities are calculated using the partial molar volumes of oxide (V) from the
experiments at reference temperature (T, using the relation p = M/Y X,V where X; is the concentration of oxides, M is the total mass, and V; =
Vi'Tm_ +dV,/dT(T — T,). We used the concentration of the oxides and mass from our melt composition. T/,v'wa and dV,/dT for Na,O, Al,O;, and

Si0, are taken from refs 39 and 40. These parameters for H,O are from experimental studies.*”** “Density is calculated at 2500 K using the fit
parameter from the experimental study.*' “The reported uncertainties in density are ~1—29%.*

The component inside the parenthesis is the mean square v

=— dt
10kg Jo

Z Rz/;’(t + tO)Pa/}(to)
ap

displacement (MSD), where ;[f,] and r;[t + t,] are the position n

@)

where P, is the symmetrized traceless portion of the stress
tensor o, from each simulation step.

of the ith atom at time ¢, and its position after time ¢. The

viscosity (17) of the aluminosilicate melt can be estimated using

the Green—Kubo relation*>*°
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In eq 3, 5,5 is the Kronecker delta. We use both the off-diagonal
and diagonal components of the stress tensor with different
weighting factors of 1 and 4/ 3 respectively, to calculate
. .. 47,48 L . .
viscosity. The component inside the integral is the stress
autocorrelation function (ACF), which is averaged over time
with different origins, f, (Supplementary Figure S-2 of the
Supporting Information).

B RESULTS

Equation of State. The pressure and volume results for the
anhydrous and hydrous aluminosilicate melts can be well-
explained by a third-order Birch—Murnaghan equation of state
(BM3) (Figure 1 and Table 1). Our results at the 2500 K
isotherm indicate that the zero-pressure density of the
anhydrous aluminosilicate melt, pi"™¢ ~ 2.17 + 0.08 g/cm?, is
~13% denser than the zero-pressure density of the hydrous
aluminosilicate melt, pj’d ~ 1.88 + 0.07 g/cm®. Our zero-
pressure densities agree well with the experimentally estimated
density from the partial molar volume of oxides*”**>*** (Table
1). The high-pressure experimental data determined from the X-
ray absorption method*' are quite distinct from our FPMD
simulations. This discrepancy could, in part, be related to the
large uncertainties associated with the X-ray absorption
measurements when applied to silicate melts containing a
large fraction of lighter oxide components, such as Na,O. The
very low X-ray absorption of the NaAlSi,O4 melt is not much
different from the absorption by the diamond that encapsulates
the melt. The surrounding pressure medium, including boron
nitride (BN) and MgO, has similar and low X-ray absorption,
making it challenging to correct for the background and extract
the absorption as a result of the melt sample. Such technical
difficulties are likely to result in uncertainties larger than a few
percent and, hence, may explain the differences between the
experimental results and the density predictions from FPMD
simulations (Figure 1 and Table 1).

We also note that the zero-pressure bulk modulus of the
anhydrous aluminosilicate melt, K& ~ 970 + 3.88 GPa, is
more than twice the zero-pressure bulk modulus of the hydrous
aluminosilicate melt, K" ~ 4.39 + 1.94 GPa. While water
reduces zero-pressure density and softens the zero-pressure bulk
modulus of the aluminosilicate melt, it enhances the pressure
derivative of the bulk modulus; i.e., Ky > K§*™! by ~30%
(Table 1). At pressures relevant for the upper part of the mantle
transition zone, i.e., ~14 GPa, the density difference between the
hydrous and anhydrous aluminosilicate melts is reduced and is
~3.5%. However, the density difference remains similar up to
~30 GPa, and thus, our result does not predict the density
crossover between hydrous and anhydrous melts, as suggested
for ultramafic silicate melts™® (Figure 1). In hydrous
aluminosilicate melts, the H,O component has the smallest
volume among all other oxide components, i.e., Na,O, Al,O;,
and SiO,. However, the H,0O component is much more
compressible and, thus, plays a crucial role in determining the
density of hydrous melts. We can quantify the effect of water on
the density of aluminosilicate melts by analyzing the partial
molar volume of water (Vi0).*”>* In the upper mantle

conditions, calculated Vi in the hydrous aluminosilicate

melt is lower than the volume of pure water, Vy; o (Figure 1).
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However, the difference between Vi and Vi decreases

asymptotically with an increasing pressure (Figure 1). The
partial molar volume of water, Vy o, in the aluminosilicate melt

increases with an increasing temperature at lower pressure
regimes (<S5 GPa), but this effect becomes temperature-
insensitive at higher pressures (>~S GPa) (Figure 1). This
indicates that the thermal expansions for the water component
in the hydrous aluminosilicate melt at lower pressures are greater
and the effect of thermal expansion is reduced at higher
pressures. The sharp decrease of the partial molar volume, Vi

in the aluminosilicate melt up to the pressure of ~1 GPa can be

rationalized in terms of the greater compressibility of water, By o
= —1/Viy,0(dVy,0/dP)y, at these conditions (inset in Figure
1c). The H,0O component becomes stiffer at higher pressures,
which is consistent with the observation that Kj™¢ > Kjhvd
(Table 1).

A comparison of Vi from our study to a range of melt

compositions from previous X-ray absorption,® >’ sink—float
methods,******%7 and computational studies***>%° shows that
the partial molar volume of water in hydrous melts, V}; , is not

sensitive to the melt composition, i.e., silica, alumina, mafic,
and/or alkali contents. In contrast, the pressure has a significant
effect on the partial molar volume of water in hydrous melts,
Vi,o (Figure 1 and Supplementary Figure S-3 of the Supporting

Information). These comparisons also indicate that the H,0
component in all hydrous melts shows similar compression
behavior with an increasing pressure. The partial molar volume
of water in silicate melts is smaller than the volume of pure water
up to the explored pressure range.”’ We use both the Birch—
Murnaghan finite strain fit and the Vinet equation of state to
define the P—V}y  relation (Supplementary Table S-1 of the

Supporting Information). We find that the Vinet equation of
state describes the pressure dependence of the partial molar
volume of water better. The zero-pressure partial molar volume
of water for jadeite (this study), T/Hlo, oGpa = 31.74 + 1.44 cm®/

mol at 2500 K, is greater than the partial molar volume of water,
Vi,0, 0 pa = 24.97 cm?/mol, for albite melt at 1273 K.** The

equation of state fitting of four different melt compositions with
NBO/T =0.8—1.5 reported a Viy ¢, ogp, value of 23.8 + 0.5 cm’/

mol at 1273 K.>° The larger partial molar volume of water in our
study is due to higher temperatures of ~2500 K. The positive
correlation between the partial molar volume of water and
temperature has been well-documented across a wide variety of
melt compositions.®’

Diffusion. Diffusion of the individual ions in an alumi-
nosilicate melt is an activated process, and the individual ions
must have sufficient activation energy to diffuse. The random
motions of the ions in the melt are thermally activated,*>** but
such motion might require larger volumes as the diffusing
species transition between the ground state and the activated
state. Hence, owing to this activation volume, diffusion is likely
to be hindered at higher pressures. An Arrhenius relation (eq 4)
often adequately describes the pressure and temperature
dependence of self-diffusion coefficients

E* + pv*
D =D, exp| —————
0 XP( RT )

(4)

where D, is the pre-exponential factor, E* is the activation
energy, V* is the activation volume, and R is the gas constant.
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Figure 2. Plots show the pressure and temperature dependence of the self-diffusion of (a) Na, (b) Al, (c) Si, and (d) O ions for anhydrous
aluminosilicate melts. Plots show the pressure and temperature dependence of the self-diffusion of (e) Na, (f) Al, (g) Si, and (h) O ions for hydrous
aluminosilicate melts. Light red, light green, and light blue filled symbols represent self-diftusion at 4000, 3000, and 2500 K isotherms, respectively.
Lines represent the Arrhenius fit to the FPMD data (Table 2). Dotted lines are the Arrhenius fit to the FPMD diffusion data for high-pressure regimes
for Al, Si, and O ions at lower temperatures, i.e., 3000 and 2500 K. For panels a—d, dashed lines represent results at 4000 and 3000 K from an earlier
FPMD study.> For panels e—h, dash-dot lines represent the Arrhenius fit to the FPMD self-diffusion data for the anhydrous aluminosilicate melts at
2500 K and are always lower than the self-diffusion for the hydrous aluminosilicate melts. In panel d, the black dashed line represents low-temperature
extrapolation of the oxygen self-diffusion data for the anhydrous aluminosilicate melts. The extrapolation is in good agreement with previous
experimental results.*® The discrepancy in the slope, i.e., activation volume between the extrapolated results and the experiment, indicates temperature

dependence of the activation volume.

Results from the FPMD simulations show that the self-
diffusivities of sodium and hydrogen are among the fastest in the
aluminosilicate melts (Figure 2). At 4000 K, self-diffusivity of all
ionic species decreases with increasing pressure. At T of <3000
K, self-diffusivity of Na decreases with pressure. However, at T of
~2500 and 3000 K, the diffusivity of Al, Si, O, and H first
increases with pressures up to ~12 GPa, and at pressures of >12
GPa, the diffusivity reduces (Figure 2). This anomalous
behavior at low pressures (<12 GPa) and normal behavior at
high pressures could be explained by two distinct Arrhenius
relations. The low-pressure regime where the diffusivity
increases with pressure yields a negative activation volume
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(Table 2), whereas the high-pressure regime where diffusivity is
hindered yields a positive activation volume. A negative
activation volume means that the activated complex is denser
than the ground state®* (Figure 2 and Table 2). At low pressures,
the magnitude of the negative activation volume (V*) shows
maxima at low temperatures, i.e., at 2500 K; the magnitude of
the negative activation volume (V*) gradually reduces at high
temperatures and eventually reverses to a positive activation
volume (V*) at 4000 K (Figure 2 and Table 2). Such anomalous
behavior in the pressure and temperature dependence of
diffusivity has been observed in polymerized aluminosilicate
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Table 2. Pre-exponential Self-Diffusion Coefficient (Dy,), Activation Energy (E*), and Activation Volume (V*) from the
Arrhenius Fit (eq 4) for the Anhydrous NaAlSi,O4 Melts (Jadeite) and Hydrous NaAlSi,O4 Melts (Jadeite, hy).

species (X) composition Dy, (x107%, m*s™")
Na jadeite 309 + 32
786 + SO
jadeite, hy 356 + 66
Al jadeite 406 + 89
245 + 128
666 + 60
jadeite, hy 250 + 59
356 + 210
Si jadeite 251+ 32
221 + 125
583 +20
jadeite, hy 204 + 49
255 + 164
enstatite, hy 250
(¢} jadeite 328 + 41
370 = 179
1229
jadeite, hy 321+73
384 + 248
enstatite, hy 240
H jadeite, hy 994 + 196
450 + 285
enstatite, hy 920

E* (I mol™) V¥ (cm® mol ™) reference
77 £3 1.98 + 0.07 this study
117 + 8 1.03 + 0.10 32
90 69
725 2.11 £ 0.14 this study
125+ 6 0.86 +0.13 this study”
136 + 12 —2.30 + 0.44 this study”
145 0.82 + 0.10 32
300 69
103 +7 0.95 +0.20 this study”
129 + 13 —2.18 + 045 this study”
119 +£3 0.97 + 0.09 this study”
143 + 13 —2.49 + 043 this study”
150 +3 0.61 + 0.10 32
110+ 7 0.55+0.20 this study”
133 + 14 —-1.98 + 0.48 this study”
97 224 70
118 +£3 0.62 + 0.08 this study”
144 + 11 —2.69 + 0.42 this study”
164 +2 0.74 + 0.10 32
—6.30 + 1.20 68
106 + 7 0.78 +0.17 this study”
130 + 14 —1.93 + 045 this study”
94 224 70
91+6 0.42 + 0.14 this study”
83 + 14 —-0.72 + 0.37 this study”
85 045 70

“Fit parameters are obtained using results from the 4000 K isotherm and the result from the high-pressure regime (~12—30 GPa) along 2500—
3000 K. “Fit parameters are obtained from the low-pressure regime (~0—12 GPa) along 2500—3000 K.

melts with different compositions, including, silica, albite,
jadeite, dacite, and basalt.' #6567

The diffusivity of all ionic species in hydrous melts is greater
than that of anhydrous melts. This finding is consistent with the
fact that water enhances the melt mobility by disrupting the
intermediate range melt structure.”””" At low pressures and
2500 K, Na diffusion is significantly greater than that of other
ions; i.e., Dy, ® 10Dg; o ap for both anhydrous and hydrous
aluminosilicate melts. At higher pressures of ~20 GPa, the
reduction of Na diffusivity is more than that of other ions; i.e.,
Dy, ® 2Dg; o, a1 As the temperature increases, Dy,/Ds; o al
becomes smaller; i.e., at higher temperatures, the diffusivity of
the other ionic species increases more relative to that of Na. At
the 2500 K isotherm and at pressures of up to 12 GPa, Dy,
decreases at a higher rate compared to that at P > 12 GPa. The
sodium (Na) cation is large in size and is weakly bonded to the
oxygen ions compared to Si or Al. Thus, Na moves freely
through the melt structure if space is available. This results in
higher Dy, at lower pressures, but owing to the collapse of the
free space within the aluminosilicate melt at high pressures, Dy,
decreases more rapidly with an increasing pressure. A similar
trend of Dy, was reported from previous classical MD
simulations, although the magnitude of diffusivity predicted
from classical simulations and the present results from FMPD
differ significantly.*>®” Our results for the anhydrous melt agree
well with previous FPMD studies.>

Self-diffusion coefficients of network-forming cations, i.e.,
silicon and aluminum, are comparable to each other, with D
being slightly larger than Dg. At 4000 K, both Dg; and Dy
decrease with increasing pressure. Along the lower isotherms,
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i.e, 2500 and 3000 K, Dg; and D,; increase as a function of the
pressure up to ~12 GPa, and at a pressure of >12 GPa, both Dg;
and Dy, reduce upon compression (Figure 2). This anomalous
pressure dependence of Dg; and D, is present for temperatures
up to 3000 K and is lost at higher temperatures, i.e., 4000 K,
where both Dg; and D, reduce upon compression across all
pressures. Oxygen self-diffusion (D) exhibits a trend similar to
that of both Dg; and D, diffusion (Figure 2). At 4000 K and
ambient pressures, hydrogen is one of the fastest moving ions
with the highest self-diffusion (Dy;) in hydrous melts, such that
Dy ® 2Dy,. As pressure increases, Dy, decreases more rapidly,
such that, at the highest pressure (~30 GPa) explored in this
study, Dy & SDy,. However, at lower isotherms (2500—3000 K)
up to ~5 GPa, Dy ~ Dy, (Figure 3). It is very likely that
hydrogen forms hydroxyl bonds with the oxygen ions and hops
in between oxygen atoms. At lower pressures, we find that the
hydrogen speciation is dominated by hydroxyl (OH) at ~80%
and there are ~15% molecular H,O species. At higher pressures,
both hydroxyl (OH™) and molecular H,O reduce in abundance.
Also, the hydrogen ions increasingly attach to bridging oxygen
ions (—H—O—H-) (Supplementary Figure S-3 of the
Supporting Information). This has also been observed in
hydrous basaltic melts” and MgSiO; melts.*” At the low
pressures and temperatures explored in this study, the
proportion of H,O is lower compared to the experimental
studies. In the experimental studies on hydrated albitic glass, the
abundance of hydroxyls (OH™) and molecular H,O varies as a
function of the total water content. At the total water
concentration of ~4 wt % H,O, hydroxyls (OH™) and molecular
H,0 in a hydrated albitic glass are equally abundant.”* However,
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temperature in the hydrous albite melt.”* At temperatures lower
than 3000 K, oxygen self-diffusion (D) shows an anomalous
pressure dependence and hydrogen, owing to its association
with the oxygen ions, also shows a similar behavior in hydrogen
self-diffusion (Dy); hence, Dy; < Dy,. The anomalous pressure
dependence of D, and Dy observed at low temperatures is lost
at higher temperatures, and hence, Dy; > Dy, (Figure 3).

b The activation energies of the self-diffusion for hydrous melts
are smaller than those for the anhydrous melts; i.e., EXM <
& 4000 K E#*d (Table 2). For both the anhydrous and hydrous
< 3000K aluminosilicate melts, the activation energies (E*) for the
¢ 2500K diffusion of network-forming cations (Si and Al) are larger than
1h 1 I 1 1 I 1 bl

0 5 10 15 20 25 30 35
Pressure (GPa)

Figure 3. Plot of pressure and temperature dependence of self-diffusion
data for hydrogen in hydrous aluminosilicate melts. Light red, light
green, and light blue filled symbols represent self-diffusion at 4000,
3000, and 2500 K isotherms, respectively. Thin lines represent the
Arrhenius fit to the FPMD self-diffusion data. Dotted lines are the fitted
results using the self-diffusion coefficients from high-pressure regimes,
i.e, 3000 and 2500 K. For comparison, the thick lines show the
Arrhenius fit to the Na diffusion for hydrous melts.

the temperature explored in the experimental studies (~1223
K)7*>7? is significantly lower than the present study (~2500 K),
which might explain the discrepancies. Lower concentrations of
H,O in the hydrous jadeite melt in high-temperature FPMD
simulations (~2500 K) are consistent with the finding that OH~
largely dominates over molecular H,O with an increasing

those of the network-modifying cations (Na and H) (Table 2
and Figure 2). The self-diffusivities for individual ionic species
for the hydrous melts are also greater than those for the
anhydrous melts; i.e., D4 > pabyd ywhere « refers to Na, Al, Si,
and O ionic species. The activation volumes for the self-
diffusivities of Na and O in hydrous melts are larger than those of
anhydrous melts; VDS > VS, For the anhydrous melts, at
low temperatures (i.e., 2500—3000 K) and pressures, the
activation volume for oxygen diffusion, Vé’““hyd, is ~ —1.94 cm?®
mol™". This estimation is larger compared to the experimental
activation volume®® of —6.3 cm® mol™! from 0 to 2 GPa and
<2000 K. This is consistent with the fact that, at low pressures,
the activation volume for the diffusing oxygen ions is dependent
upon the temperature. The activation volume becomes larger
with an increasing temperature as also observed from self-
diffusion coefhicients at 4000 K, which yield a positive activation
volume. In low-pressure and low-temperature regimes, the
activation volume for silicon diffusion, V&4 is ~ —2.28 cm?
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Figure 4. Plots of the pressure dependence of viscosity for (a) anhydrous and (b) hydrous melts. The viscosity is plotted on a logarithmic scale. Filled
circles and rhombs represent FPMD viscosity data for anhydrous and hydrous aluminosilicate melts, respectively. The symbols are color-coded on the
basis of the temperature. The temperature scale is shown in a horizontal bar at the bottom of the panel a. Lines represent the fit to the FPMD viscosity
data using a modified Arrhenian relationship (eqs 6 and 7). Also shown are the experimental data for polymerized melts: Jd (S11), jadeite;'® Ab (F02),
albite;”” and depolymerized melts: Di (R03), diopside;** Di (S05), diopside.*® We use color to show the temperature of the study. The inset in panel a
shows the temperature dependence of viscosity at a constant pressure (~0 GPa) for anhydrous and hydrous aluminosilicate melts. Experimental
viscosity results at 0 GPa and lower temperatures are for jadeite melt'> and granitic melt with ~4 wt % water.”® Thin lines represent the Arrhenius
relation. Thick lines show the TVF relation (Supplementary Table S-2 of the Supporting Information). The inset in panel b shows the viscosity of the
hydrous melts up to 20 GPa. Thick dashed and dotted lines are the viscosity trends from Arrhenius fitting at low- and mid-pressure regimes, where
global Arrhenius cannot fully describe the pressure evolution of viscosity. At higher temperatures (4000 K) and low pressure, the pressure dependence
of viscosity of the hydrous aluminosilicate melts resembles that of depolymerized melts.*”
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Figure S. Plots of (a) fraction of BO and (b) five coordinated Al, AlOy, in anhydrous (filled circles) and hydrous (filed rhombs) aluminosilicate melts.
Light red, light green, and light blue filled symbols represent data at 4000, 3000, and 2500 K isotherms, respectively. Plots show the average lifetime (7)
of Al-0, Si—0, and Na—O species for anhydrous (solid lines with symbols) and hydrous (dashed lines) jadeite melt at (c) 2500 K and ambient
pressures and (d) 2500 K and 9 GPa. The average lifetime (7) is in femtoseconds and is normalized to 1 ps of simulation time. Plots of average lifetime
(7) of 4-, 5-, and 6-fold coordinated Al—O species in anhydrous melt (solid lines with circles) and hydrous melt (dashed lines) at (e) 2500 K and (f)
4000 K. The shaded regions in panels e and f represent the area where AlO; is most abundant.

This estimate is also smaller than the observed
experimental results at ~2100 K for the aluminosilicate
melts."* Our results on the activation energy and activation
volume of H diffusion agree well with those of the hydrous
MgSiO; melt’® (Table 2).

Viscosity. Our FPMD results indicate that the viscosity (1)
of the anhydrous aluminosilicate melts with a stoichiometry of

mol™L.

NaAlSi,O4 decreases with an increasing pressure up to 10—12
GPa. At pressures greater than 12 GPa, viscosity increases upon
further compression. Thus, there occurs a pressure-dependent
minimum in viscosity of the anhydrous aluminosilicate melts at
around ~12 GPa. This anomalous pressure minimum changes
with the temperature; i.e.,, minima are more pronounced at lower
temperatures and disappear at higher temperatures (4000 K). A
similar behavior is also observed in the hydrous melts; however,
the pressure-dependent viscosity minimum is shifted to slightly
higher pressures (Figure 4). Over a temperature range of 2500—
4000 K and at zero pressure, the viscosity of anhydrous and
hydrous aluminosilicate melts exhibits a non-Arrhenian
behavior. We have used a Tamman—Vogel—Fulcher (TVF)
relation to describe the temperature dependence of the viscosity

(n)

n =1, exp

(T - T,) (s)

where 7, is the pre-exponential viscosity and A and T, are
constants. We have also used a global Arrhenius fit to describe

3175
the pressure and temperature dependence of viscosity”
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= exp[E* + PV*)
RT (6)
where
V= (V, + V,T) + P(V, + V,T + V,/T) 7)

where 7], is the pre-exponential viscosity and E* is the activation
energy from the viscosity fit. In the modified Arrhenius equation,
the activation volume (V*) varies as a function of the pressure
and temperature (eq 6). Note that, at zero pressure, eq 6 reduces
to an Arrhenius equation 77 = 17, exp[E*/RT]. On the basis of our
results, we note that an Arrhenius relation cannot successfully
describe the temperature-dependent viscosity at zero pressure
(Figure 4 and Supplementary Figure S-4 of the Supporting
Information). For instance, for the anhydrous aluminosilicate
melts, the viscosity predicted by the Arrhenius relation deviates
from the experimental results at lower temperatures."” Similarly,
for the hydrous melts, the viscosity predicted by the Arrhenius
relation is smaller than the experimentally determined viscosity
of granitic melt with ~4 wt % H,0.” In contrast, the TVF
relations (eq S) provide a better description of the variation of
viscosity with the temperature (Figure 4 and Supplementary
Table S-2 of the Supporting Information). The TVF relation has
also been quite successful in describing the temperature
fg:;%%nl:c% Jgf the viscosity of several other polymerized

For anhydrous melts, our estimation of the activation energy
(E*) for the pressure and temperature dependence of viscosity
using the modified Arrhenius fit is ~246 kJ mol™" (Supple-
mentary Table S-2 of the Supporting Information). Previous
experiments, conducted at lower temperatures (1623—2163 K)
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and pressures (0—7 GPa) predicted larger activation energies of
~370 kJ mol ™" for jadeite and ~368 kJ mol™" for albite at 1973
K.'®7" Larger activation energies of experimental studies
indicate that the activation barrier may be large as a result of
lower temperature conditions of the experiments. Comparisons
between previous experiments and our simulation results
indicate that the viscosity of aluminosilicate liquids increases
by ~1-3 orders of magnitude when the temperature decreases
from 2500 to ~2100—1800 K."*

At ambient pressure and 2500—3000 K, we find a ~5—6-fold
decrease in viscosity of anhydrous aluminosilicate as a result of
~4 wt % H,0 in the melt (Figure 4). However, the pressure
evolutions of viscosity in hydrous and anhydrous melts are quite
different. For instance, anhydrous melts at 4000 K show a
normal viscosity trend; i.e., viscosity increases with increasing
pressure (Figure 4). At lower isotherms, viscosity decreases with
increasing pressure and reaches its minimum at ~10—12 GPa
before increasing with an increasing pressure. In hydrous melts,
viscosity shows a positive (normal) pressure dependence for P =
~0—5 GPa, followed by a weak negative pressure dependence
for P = ~8—10 GPa and normal pressure behavior at higher
pressures, i.e., P > 10 GPa (Figure 4). This will lead to the
smallest viscosity difference between hydrous and anhydrous
melts at ~4—S5 GPa. The observed viscosity trends of hydrous
jadeite melt at 3000 and 4000 K are similar to those of
depolymerized melts, such as diopside.”””> However, the
viscosity trend of hydrous melts at 2500 K is the same as that
of anhydrous melts with a negligible positive pressure depend-
ence of viscosity at P < § GPa.

Melt Structure. The difference between the transport
properties (e.g., viscosity) of anhydrous and hydrous alumi-
nosilicate melts can be related to the atomistic scale structural
differences primarily caused by dissolved H,O. Water in the melt
often acts as a network modifier; i.e., it depolymerizes the melt
structure, which results in an increase in the concentration of the
NBO. At ambient pressure and 2500 K, in anhydrous
aluminosilicate melts, around ~90% of oxygen ions are bridged
(i.e, BO) with network-forming cations in tetrahedral (T = Si
and Al) coordination. The presence of NBO is <5%, and the
remaining oxygen ions often form triclusters (O—Tj3), ie.,
oxygen ions surrounded by three tetrahedral cations (Supple-
mentary Figure S-2 of the Supporting Information). Under
similar pressure and temperature conditions, hydrous alumi-
nosilicate melts contain around ~80% BO with network-
forming tetrahedral cations (T = Si and Al) and ~20% NBOs
(Supplementary Figure S-2 of the Supporting Information and
Figure S). This shows that the addition of H,O disrupts the
polymerized chain of network-forming cations in the anhydrous
melt, resulting in the high abundance of NBOs, which lowers the
melt viscosity.”*”"

We also calculated the X-ray structure factor, S(Q), of
anhydrous and hydrous melts using the Fourier transformation
of the RDE.*' This allows us to compare our results to available
experimental data (Supplementary Figure S-1 of the Supporting
Information). Our results on S(Q) from FPMD simulations are
in good agreement with the X-ray diffraction data obtained on
the jadeite melt.””** All of the structure factors show a well-
defined first sharp diffraction peak (FSDP) that usually
correszponds to medium-range features related to TO,
rings.*”*> The FSDPs at 2500 K are less intense than those of
the experimental studies at 1923 and 2173 K. Results from
FPMD simulations at higher temperatures are consistent with
the experiments at lower temperatures and possibly indicate less
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abundance of the TO, rings at higher temperatures (Supple-
mentary Figure S-1 of the Supporting Information).

B DISCUSSION

The anomalous pressure dependence of transport properties in
silicate melts has been extensively studied.'*'”"'®>7%%* Several
mechanisms have been proposed to explain this observation,
which include (a) differences in the abundance of BO, (b)
relative abundance and changes in the coordination number of
the network-forming cation, and (c) a reduction in the
intertetrahedral (T—O—T) bond angles.'****>~%

Our FPMD results on the anhydrous aluminosilicate melts are
consistent with the previous studies. We do observe pressure-
dependent anomalous behavior of the self-diffusivity (Figure 2)
and viscosity (Figure 4), which is more pronounced at lower
temperature isotherms (2500—3000 K). We note that the
pressure-induced changes in the coordination of network-
forming cations and the abundance of the BOs and NBOs are
related. For instance, at lower temperatures, in the anhydrous
aluminosilicate melts, increasing pressure leads to trans-
formation of AlO, to AlO4 by reducing the number of NBOs
via the reaction AlO, + NBO = AlOg, where AlO; has at least one
BO. At even higher pressures, AlO; transforms to AlOg via the
reaction AlOg + NBO = AlOg, where AlOg has at least one BO.
The NBOs could also be consumed by AlO, via the reaction
AlO, + 2NBO = AlOg, where AlOg has at least two BOs. Thus,
the fraction of NBOs decreases with pressure and promotes the
formation of bridging oxygen, ie, O-T, Owing to the
polymerized nature of the anhydrous melts, although the
NBOs are often low in concentration, the formation of AlO; may
be aided by BOs as in the reaction AlO, + BO= AlOg, where
AlOg contains an oxygen atom that is attached to three network-
forming cations, i.e, an oxygen tricluster (O—T;) (Supple-
mentary Figure S-2 of the Supporting Information). The
pressure dependence of the T—O—T angle at low temperatures
also shows a relatively rapid reduction from ~140° to 134°, i.e,,
6° reduction between 0 and S GPa. This is owing to the
compression being accommodated by the tilting of the
polyhedral linkages. Upon further compression, a further 6°
reduction occurs over a 25 GPa interval, indicating that the
compression mechanism is accommodated by transformation of
the polyhedral units, i.e,, TO, = TO3 — TOg4 (Supplementary
Figures S-1 and S-2 of the Supporting Information).

The anomalous pressure dependence of the self-diffusivity
and viscosity is likely to be related to the changes in the structure
of the melt upon compression. We note that the network
connectivity of the TO, units (T = Si/Al), as captured by the Q*
and Q? species, is significantly reduced upon compression, and
this may lead to an enhancement of viscosity. However, while
the abundance of Q* and Q® species reduces with pressure, the
melt polymerizes further, with the network becoming more
connected, as evident from the increasing abundances of Q° and
Q° species (Supplementary Figure S-2 of the Supporting
Information).

One possible explanation for the observed anomalous
behavior in the transport property could be related to the fact
that TOj; units are inherently less stable compared to TO, and
TOg, where T = Al and/or Si. This is captured by the lifetime (7)
of the species at low-temperature isotherms (2500 K), and at the
lowest pressures, where AlO, is the dominant species, the
lifetime of the species shows the following relation: 7,0, > 740,

> 70, However, at modest pressures, where AlOj; is the
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dominant species, 70, < 7 10, 2 Tato, (Figure S). The relatively

shorter lifetime of AIO; compared to AlO, and AlO4 might lead
to the release of an oxygen ion and/or addition of oxygen atoms
to reach the stable states of AlO, or AlOq, thus facilitating
anomalously high diffusion and/or lower viscosity. The unstable
nature and relatively shorter lifetime of AlOg compared to AlO,,
and AlOg could also be related to higher configurational entropy
as well as decreases in the activation barrier of the melt
transportation, i.e., lower viscosity.*** ™% The lifetime () of
the species also decreases significantly with the temperature. For
instance, at 4000 K and at modest pressures, 7510, > Tai0, & Talo,

At higher temperatures, all of the species have shorter lifetimes,
and while AlOy is unstable, AlO, and AlOg are also very unstable,
owing to the enhanced temperature. Thus, at high-temperature
isotherms (e.g., 4000 K), the anhydrous aluminosilicate melts
exhibit normal behavior; i.e., the self-diffusivity of all of the ionic
species reduces upon compression (Figure 2), and the viscosity
increases upon compression (Figure 4). This is expected
because the activation barrier for diffusion is expected to be
lower at high temperatures and the effect of the temperature is
more predominant over the atomistic scale changes in the melt
structure as a result of the increase in the pressure. Also, higher
temperatures (e.g., 4000 K) help in depolymerizing the
aluminosilicate melts, resulting in the high abundance of
NBOs (Figure S). For instance, at 4000 K and ~0 GPa,
anhydrous aluminosilicate melts contain ~10% NBOs, which is
twice the concentration of NBOs at ambient pressures and lower
temperatures, i.e., 2500—3000 K (Supplementary Figure S-2 of
the Supporting Information).

The effect of water on the pressure-dependent anomalous
behavior of aluminous melts with NaAlSi,Og stoichiometry was
previously unknown, and our study shows how water enhances
the diffusion and reduces the viscosity. The addition of water
depolymerizes the aluminosilicate melts. At low temperatures,
the pressure dependence of the self-diffusivity and viscosity is
similar to what has been observed in the anhydrous melts.
However, owing to the depolymerizing effects of water, the
anomalous behavior is pushed to 2—3 GPa higher pressures
compared to the anhydrous melts. The mechanisms discussed,
i.e., the unstable nature and relatively shorter lifetime of AlO;
compared to AlO, and AlQy, are also applicable to the hydrous
melt. At higher temperatures (i.e,, 4000 K), the hydrous melts
show added complexity in the pressure evolution of self-
diffusivity and viscosity at low pressures. This is primarily owing
to the depolymerizing effect of both water and temperature,
whereby the melt structure resembles a depolymerized melt,
such as diopside.””** In diopside melt, the viscosity first
increases and then decreases with increasing pressure. At higher
temperatures (i.e., 4000 K), we observe similar effects of first an
increase in viscosity, then reduction, and then an eventual
increase at further compression.

The results on compressibility and transport properties from
this study are likely to help us to better understand the mobility
of magma in a reservoir. For instance, in a reservoir with
constant permeability (k), the velocity of the melt migration is
related to the ratio of the density contrast between the melt and
the surrounding rock (Ap) and the viscosity of the melt (1), i.e.,
Ap/n.°*”* Typical mantle minerals have bulk moduli of the
order of ~100 GPa.”>%° Silicate melts are much more
compressible, i.e, ~5—10 times more compressible, than the
mantle minerals because their bulk moduli range from ~10 to 25
GPa but often have larger pressure derivatives.”””””® This leads
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to alarge Ap with an increasing pressure. The ascending magma
experiences an increase in buoyancy caused by the large Ap. The
buoyancy of the magma will be enhanced if the melt is hydrous
because this further lowers the melt density. However, on the
basis of our results, the pressure derivative of the bulk modulus
of hydrous aluminosilicate melts is larger than that of anhydrous
melts; i.e., K™ > K§*™™9, This is also captured in the relatively
rapid reduction of fy; o at pressures of <1 GPa and reduces

moderately until pressures of ~3 GPa. Thus, a hydrous
aluminosilicate magma generated at depths of less than 30—90
km will have a large Ap. However, the effect of large buoyancy,
owing to hydrous melts, will reduce significantly beyond ~100
km depths. Thus, for both hydrous and anhydrous melts, Ap
reduces significantly at depths greater than ~100 km, rendering
a lower melt velocity, owing to a low Ap/#. In contrast, the
viscosity minimum, i.e., ~6—10 GPa or ~180—200 km depth,
leads to maxima in Ap/# ratios. Thus, at the depths where Ap/n
shows a maxima, the melt fraction is expected to be at a
minimum because the melt is likely to migrate out if the mantle
is permeable.””**** At shallower depths of ~90—100 km, where
magma is more viscous compared to deeper parts of the Earth,
the magma mobility Ap/n is likely to be low and likely to create
ponding of the partial melts, which might be the source for the
seismically observed low velocity at the lithosphere—astheno-
sphere boundary (LAB).">* The viscosity of anhydrous and
hydrous aluminosilicate melts is likely to be applicable for
estimating the mobility of the ascending magma in subduction
zone settings and also the stability and buoyancy of possible
partial melts trapped at the LAB.?
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